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ABSTRACT 

of sublimation.of material and accumulation of heat i n  an 

s analyzed and applied t o  the  reentry of manned veh d e s  

atmosphere. 

eublimation and the temperature distribution - .-- - within the ablation shield 

The parameters which control the amount of 
I 

__-- 
are determined and presented i n  a manner useful fo r  engineering calcula- 

t ion.  

and the insulation requirements may be given very simply i n  terms of the  

maximum deceleration of the  vehicle or the t o t a l  reentry time. 

It i s  shown that the t o t a l  mass l o s s  from the shield during reentry 
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FOR MANNED REENTRY VEHICmS 

By Leonard Roberts 

A TEIEOIiETICAL STUDY OF ABLATION SHIELD REQUIREMENTS 



INTRODUCTION 

The successful re turn of a vehicle through the earth's atmosphere 9 .  

depends largely on the provision tha t  is made fo r  reducing aerodynamic 

heat t ransfer  t o  the s t ructure  of the vehicle. Analyses of the heating 

experienced during reentry have been made for  both b a l l i s t i c  vehicles 

(ref. 1 )  and f o r  manned vehicles ( re f .  2). 

For the purpose of the present report  the types of reentry are 

categorized as follows: 

(a) L i f t i n g  vehicles of constant l i f t - to-drag r a t i o  which reenter 

the atmosphere at very small apgles (so that skipping does 

not occur) and which experience maximum decelerations l e s s  

than about 8 g  

(b) Nonlifting vehicles which reenter a t  small angles and which 

experience maximum decelerations between & and l4g . .  
(c) Nonlifting vehicles which enter at  larger angles and experience 

maximum decelerations greater than 14g ( b a l l i s t i c  t ra jectory)  

The vehicles considered in  (a) and (b) are  sui table  fo r  manned 

reentry whereas the decelerations associated with higher e n t q  angles 

(type c) ,  generally exceed human tolerances. 

The heating experience of the manned vehicles a lso d i f f e r s  from that 

fo r  t h i s  l a t t e r  vehicle the of the higher entry angle b a l l i s t i c  vehicle: 

mrnimum heating ra tee  are such tha t  surface temperatures may exceed the 

melting temperaturea of metals which have been considered in  heat-sink 

type shields. 

although the maximum heating rate i e  much lower the  t o t a l  heat i k u t  

For manned vehicles the flight duration is  much longer and 



exceeds that of the  b a l l i s t i c  vehicle and the  use of a metal heat-sink 

ehield becomes inefficient from a weight standpoint. 

As an al ternat ive t o  the heat sink, consideration has been given t o  

the use of ablation materials; the term ablation applies when there is  

a removal of material (and an associated removal of heat) caused by aero- 

dynamic heating, and therefore embraces melting, sublimation, melting and 

subsequent vaporization of the l iqu id  fi lm, burning o r  depolymerization. 

Several approximate analyses have been made of the steady-state 

shielding e f f ec t s  which r e su l t  from t h i s  removal of material; aerodynamic 

melting has been considered i n  references 3, 4, and 5;  sublimation, i n  

reference 6; simultaneous melting and vaporization, i n  references 7 and 8; 

and a general treatment of the boundary layer w i t h  m a s s  addition has been 

given i n  reference 9. The problem of keeping the vehicle structure a t  a 

sui tably low temperature c m o t  be answered by investigating a steady- 

state s i tuat ion,  however; consideration must be given t o  the problem of 

insulation and the  conduction of heat t o  the structure is  -y 
OI hd-4 

phenomenon. 

The su i t ab i l i t y  of a heat shield (whether heat sink or ablation 

material) depends on the weight required t o  keep the structure below a 

I given temperature and a simple quantity of merit such as  the effect ive 

heat capacity o r  effect ive heat of ablation gives no indication of the  

severi ty  of the  ineulation problem - the use of high-temperature ablation 

materials such as  graphite, f o r  exmnple, which has high thermal conduc- 

t i v i t y ,  could lead t o  an intolerable heating condition although the effec- 

t i v e  heat capacity is  higher than mostmaterials. It is possible that  the 

high-surface-temperature ablation materials experience less mase loss 
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because of radiation cooling but t h i s  is not necessarily desirable eince 

the  high surface temperature makes the insulation problem more severe, . .  

It is seen, therefore, t ha t  the problem of maintaining a cool vehicle 

s t ructure  is twofold; f i rs t ly ,  there must be adequate provision of material 

f o r  ablation and, secondly, there  must be suff ic ient  insulation t o  prevent 

the  s t ructure  becoming hot. 

_ -  

The effectiveness of an ablation material depends on i ts  capabili ty 

t o  dispose of heat by convection i n  the l iquid m e l t ,  as l a t en t  heat, and 

. by convection i n  gaseous form i n  the  boundary layer; i n  t h i s  regard it 

has been shown (refs. 6 and 7) tha t ,  i n  general, an ablation shield i s  

most e f fec t ive  when a large f rac t ion  o f  t h e  mass loss  undergoes vaporiza- 

t ion.  

l o s t  from the shield undergoes vaporization and subsequent convection i n  

the high-temperature boundary layer thereby removing a large amount of 

heat. For t h i s  reason a material which undergoes sublimation rather  than 

melting i s  generally the more e f f ic ien t  (apart from considerations of 

When sub lba t ion  takes place there i s  no l iquid f i lm ,  a l l  the  mss' 

l a t en t  hea t ) .  

Naturally, the choice of ablation material will be dictated by the 

. type of vehicle and i t s  heating his tory during reentry. 

. '  vehicle whose dimensions are such tha t  the heating ra tes  experienced are  

too  high t o  be balanced by radiat ive cooling it i s  advantageous t o  use a 

low ablation temperature material, thereby reducing the insulation problem. 

For l i f t i n g  vehicles which experience lower heating r a t e s  over most of 

t he  vehicle surface the primary means of cooling would be radiat ive except 

at  the leading edges where the l imited use of a high-temperatuke ablation 

For a nonlift ing 
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material would seem more appropriate - ablation would then take place 

only near the  peak heating condition. 

The materials here considered most suitable fo r  the  reentry of a 

manned nonli f t lng capsule are  therefore thoee'which undergo sublimation 

at a l o w  temperature (say less than 1,%Oo R )  and have low conductivity 

so that no further insulation is  required. The absence of a l iqu id  phase 

f i r s t l y  insures that the material i s  removed i n  gaseous form, and there- 

f o r e  convects a large amount of heat from the shield, and secondly pre- 

cludes the  poss ib i l i ty  of l iquid fi lm instabi l i ty .  

The purpose of the report i s  t o  develop an approximate method of 

solution f o r  such a shield from which m y  be dezermined the t o t a l  sub- 

limation of material  during reentry and t h e  temperature dis t r ibut ion 
' 

within the remaining shield; the ablation temperature i s  such tha t  radia- 

t i on  m a y  be neglected. 

useful f o r  engineering purposes. 

The analysis i s  directed towards obtaining r e su l t s  

Ar?ALYSIS 

Motion and Heating During Reentry 

An analysis of shallow reentry into the  ear th ' s  atmosphere of both 

. ' l i f t i n g  and nonlift ing vehicles has been made i n  reference 2; the r e s u l t s  

: of in t e re s t  fo r  the preeent application are included here fo r  completeness. 

Assuming an exponential variation of density with a l t i tude  

the  equations of motion reduce t o  a single d i f f e ren t i a l  equation 
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where 

p* -$Y U 

CDA 

z = ;-A($) ue , ii = - . .  - uC 

The i n i t i a l  conditions appropriate t o  reentry from a circular  o rb i t  are 

a t  3 = 1. 

All quantit ies of in te res t  are expressed i n  terms of 3, Z, and 
- M as follows (see appendix f o r  l ist  of symbols): 
CDA 

du 
d t  

Horizontal deceleration: - - = g($r)1/2iiZ ft /sec2 

1/2 
Resultant deceleration: a = g(f3r)'/'F + (ir] iiZ f t /sec2 

Re, 2(pg)'I2 - z  M Reynolds number: - = 
2 40 CDA 

(3) 

(4) 

( 5 )  

where -1 - t =L (a) du 
ui b 

- *  

2 
Stagnation enthalpy: cp(Te - Tm) = - u -2 - uc Btu/lb 

2 gJ 

Heatytranefer rate: Q = Q . ~ t u / e q  ft eec 

where 
I 

Heat absorbed: % = 15,900kII (c/&)'$- - Btu/sq f t  

where 
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The foregoing relat ions (eqs. (3)  t o  (E?)) are used i n  the determination 

of the  mass required fo r  sublimetion and the  accumulation of heat within 

the  so l id  shield. 

. 

General Equations fo r  Sublimation and Heat Accumulation 

Before the vehicle reenters the atmosphere the ablation shield is  

assumed t o  have uniform temperature T,; i n  the ea r ly  par t  of reentry the  

shield is  heated u n t i l  t he  surface temperature reaches the ablation tem- 

perature Ta. Duringsthis preablation heating period the problem of 

conduction of heat through the shield can be t rea ted  without d i f f i cu l ty  

since the heating r a t e  is known (eq. '(lo)). When sublimation of material 

occurs, however, t h e  conduction of heat within the material  depends o n ,  

the rate of mass loss  from the surface, t he  problem becomes nonlinear and 

the  exact solution involves lengthy numerical procedures (see, fo r  example, 

ref. 10). 

It is not the purpose of t h i s  report t o  obtain exact solutions of 

the nonlinear equations; rather,  approximate r e su l t s  are obtained which 

show a l l  t he  Important parameters t ha t  enter in to  the problem and give 

estimates of the  material required fo r  sublimation and fo r  absorbing the 

heat' conducted t o  the inter ior .  

under consideration. ) 

(Fig. 1 is a diagram of the heat shield 

It is n w  assumed that the  ablation shield is  suf f ic ien t ly  thick 

tha t  t h e  " inf in i te ly  thick slab" approximation may be used and an energy 

balance is wri t ten as follows: 

N e t  heat Heat absorbed by Heat accumulated by 
input 'at sublimated material remaining material 
surf ace , - 



When an in tegra l  thickness 6 defined as  

is introduced, equation (13) may be writ ten i n  d i f f e ren t i a l  form as  

and an additional equation (a boundary condition at  the surface of sub- 

limation) is writ ten 

& 
+ 

dm - L- 
d t  

- 

N e t  heat - Rate of heat Heat -transfer 
t ransfer  r a t e  absorbed ia rate t o  in te r ior  
t o  surface phase change 

It is important t o  note tha t  in equations (15) and (16) the heat- 

t ransfer  rate q ( t )  

i tself a function of the r a t e  of sublimation; throughout t h i s  report  the 

quasi-steady re la t ion  fo r  the reduction i n  heat-transfer rate, due t o  the 

i s  that which the shield actual ly  experiences and is  

t 

introduction of mass into the boundary layer; is used (see ref. 6) 

where w(t) is the heat-transfer r a t e  experienced by a nonablating body 

' at tbe surface temperature Ta. 

I n  equation (l7), .y 

cp is  the effective mean specif ic  heat and 

a(Te  - Ta) 

boundary layer. The emressions f o r  u and EP derived i n  reference 6 

the  effect ive temperature rise of the mass convected i n  the - 

for a laminar boundary-layer are 

and 
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ZP = c i 7 +  c (1 - Q) 
P , l  P,2 

where is the effective concentration of the shield material in  gaseous 
I 

form i n  the boundary layer and is  given as a function of Nsc in 

reference 6 .  

The unknown heating rate q ( t )  

and (16) by use of 

and 

equation (17) t o  

Tm) + L + G p ( T e  

i s  e l h i n a t e d  from equations (15) 

give 

Before attempting t o  take account of the conduction of heat within 

the shield it i s  useful t o  make a simple analysis of the sublimation which 

gives estimates of the t o t a l  mass lo s s  during reentry. 

Sublimation of Material From the Shield 

The purpose of an ablation shield is t o  reduce the heat-transfer ’ 

rate’ a t  the surface from the aerodynamic r a t e  t o  a value* ”) 5i e& 

by providing material which absorbs heat through la ten t  heat of sublimation 

and convects heat i n  the gas boundary layer; t h i s  s i tuat ion i s  ref lected . 

(.b 21zd << % i n  equation (21). If t h i s  process is successful then 

fo r  m e t  of the reentry and an upper l i m i t  t o  the r a t e  of 1uas6 106s can 

be obtained by neglecting heat conduction In the  eolld.  

From equation (21) with (.. $)z4) = O 
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Alternatively, by assuming t h a t  the rate of accumulation of heat, 

i s  small compared with the rate of disposal of heat -[ d q T s  - Tm)Q], 

[%(Ta - Tm) + L + acSp(Te - Ta)] dt, a3n equation (20) becomes 
at t% 

Equation (23) i s  the  quasi-steady expression fo r  t he  rate of m a s s  

loss but is not, i n  general, an upper l i m i t .  

With the  a i d  of equations ( 3 ) ,  (81, ( 9 ) ,  and (lo), equation ( 2 3 )  is 

writ ten 

(CZ) (- 5) lb/sq f t  sec 
( y 2  

kI cy 

cP 
d t  27 
dm - 1.18 - - -  

a- - 
cP,2 

where 

and 

or  

Equation (24) shows immediately the importance of the  parameter 

Heating enthalpy n 
u - -  

Gas shielding enthalpy 
U k  

C p 2  

... 
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which depends on the vehicle s ize  and shape through - M and the prop- 
CDAR 

erties of the gas boundary layer. 

reduced by designing the vehicle so tha t  - 

drag, blunt nose) and by choosing an ablation material having a high 

It is seen tha t  the mass loss can be 

is small ( l a w  mass, high 
CDAR 

.y 

shielding coefficient , a 2. 
cP,2 

A second parameter, the enthalpy r a t io  I 
Shielding due t o  l a t en t  heat = L 

% 
gJ cp,2 

A =  
1 U c2 a Gas layer convective shielding 

shows the e f fec t  of the l a t en t  heat L i n  reducing the mass loss; when 
cy 

U 5 is  s m a l l  the e f fec t  of l a t en t  heat becomes more important. 
cP,2 

Mass lo&.- An upper l i m i t  t o  the t o t a l  mass loss  is  obtained by 

integration of equation (24) 

m = l.18kII (E$$'* Y lb/sq f t  

where - 

, I  and Ea, Bf are, respectively, the values of U when sublimation begins 

and ends. 

Equation (27) with kII = 1 give6 the  mass lose at the stagnation 

point and the factor  kII = ds modifies t h i s  mass loss according 
I 

t o  the  variation of heating rate over the surface of the shield.  The 
9 
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analysis of reference 2 does not apply a t  the condition B = 1 

neccessary t o  assume a value 

value of 

and i t . i s  

G < 1 as the upper l i m i t  of E; the nominal 

= 0.993, used in  reference 2, i s  also used here as the  value 

at  .which sublimation begins. 

temperature of the material  since ablation w i l l  cease before the  stagna- 

The lower l imi t  depends on the ablation 

t i o n  temperature of the &rem falls below the ablation temperature. The 

value 3, = 0.05 

is used throughout t h i s  paper; th i s  value is  considered suf f ic ien t ly  low 

(which corresponds t o  stream temperature of about 200' F) 

t o  include any material now under consideration. 

n u s  can be w r i t t e n  

where 

0 995 
(a) -''*dii 

and 

Equation (30) shows that, even when h = .O, (no l a t en t  heat) there 

is a limiting value of the t o t a l  ma86 1088, whereas equation (31) givee 

q(A),  the  f ract ional  decrease i n  mass loss due t o  la ten t  heat. 

' 

Effective heat capacity.- When comparing an ablation shield with a 

so l id  "heat-sink" sh ie ld  (for  example, copper or beryllium) it is con- 

venient t o  introduce an effect ive heat capacity defined here by the 

f ollowing r a t  io 
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Total heat which would be absorbed by a nonablating shield 

T o t a l  mass loss  from ablation shield 
H e f f  = 

. U s i n g  equations (11) and (12) for and (27), (29), and (30) fo r  m, 

the effective heat capacity can be written 
Cy .. 

Heff = 13,500a 1 Eeff ,Btu/lb 
cP,2 

where 

and 

(33) 

J i) 0.05 

Equations (32) and (33) show tha t  Heff depends only on the properties ' 

of ablation material (through Zp cp,2 and A) and on the  vehicle tra- I 
jectory (since (Iieff)h,O i s  a function only of tra,jectory 

Relation between mass loss, deceleration, and t i m e  of reentry.- Frdm 

-2 
equations (24) and (25) % - thus fo r  large 

ii2 + A 

(peak heating) whereas for  A = -0, 

* , occurs at  [(iiZ)1/2], (peak horizontal deceleration). For any A, 

then, the maximum sublimation r a t e  occurs between peak heating and peak 

deceleration. 

I n  general, the t o t a l  mass loss w i l l  depend on the t o t a l  time taken 

t o  complete reentry since EA& i s  a function of the tradectory. It i e  

Of extreme in te res t ,  therefore, t o  determine how the m a 6  loss may be 

reduced by allowing the vehicle t o  complete reentry i n  a short period of 

' I  
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t i m e  but w i t h  the reservation t h a t  the maximum deceleration be kept t o  a 

tolerable  level, 

The relationship between the  t o t a l  mass loss, deceleration, and time 

of reentry becomes apparent when equations ( 3 ) ,  (7), and (30) are recalled: 

F i r s t ly ,  since (a) S (=)- it i s  seen that 

secondly, since 

[ L1( $1 -li2diiT L1( a) -'d: (Schwartz in tegra l  inequality) 

then 

so t ha t  i n  

* (inserting 

.pendent of 

general iZh4 satisfies 

[$ Max.  horiz. decn., g 
2 

the  numerical values of (gr) 

vehicle character is t ics  or  trajectory.  

1/2) a r e su l t  inde- 

Using an average value 

of i?z equal t o  ;(a)- the following simple ru le  may be expected t o  

hold 

1 I Max. horiz. decn., 
2 

(34) 
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A. The t o t a l  mass loss varies inversely as the square root of the 

maximum horizontal deceleration. 

Alternatively, comparing the in tegra l  expressions fo r  t and iha, the  

following re la t ion  i s  expected 

t h a t  is, 

B. The t o t a l  mass loss varies as the square root of time f o r  r e e n t q .  

The foregoing relat ions between mass 10S6, deceleration, and reentry 

time, provide a very simple estimate of the sublimation during reentry. 

Application t o  par t icular  vehic1eb.- The integrals  required f o r  

(a) Lif t ing vehicles, 

(b) Nonlifting vehicle, 

> 1, 'pi = 0 fo r  which Z Z  = (30 h)-'(l - G2). 
0, -'pi c 30, iiz given numerically i n  5 =  

reference 29  and 

(c) Monlif'ting ballistic vehicle, - L = 0, -'pi < 6' fo r  which 
D 

UZ I 30 sin - cpiU2(-ln ii)* 
The quant i t ies  5 and maximum horizontal deceleration we- also evaluated 

and a.check made on the simple ru les  A and B;. the r e su l t s  appear i n  the 

following table. 
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I .  

It is seen from the table  tha t  the  expected variation of mass lose. 

with reentry time and maximum deceleration holde very w e l l  within a fat 

percent except f o r  L/D = 0, -'pi io) and t h a t  the  l i f t i n g  vehicle 
( 

emeriencee greater m e a  lose than the nonlift ing vehicle. 

The effective heat capacity l i e s  within def in i te  limits, 

0.33 S 
vehiclawhich operate\ re la t ive ly  longer i n  the  region of high stream 

enthalpy and therefore high gas layer shielding. It i s  seen t h a t  the 

variation of q w i t h  t ra jec tory  i s  s m a l l  although i ts  variation with h 

5 0.5 the  higher vdueh being associated with l i f ' t ing 

is large. 

Table I shows t h a t  q + 1 as  h -+ 00 for  a l l  cases. Considering 
I 

fur ther  the r e su l t s  as  h + m y  the effective heat capacity, Heff, must 

tend t o  a l i m i t  L, the  l a t en t  heat, or 

"his behavior may be ver i f ied for -case  (a) where 

h 
l + h  

It i s  seen tha t  &f + A  because the  exponent of - i s  equal t o  

This behavior suggests tha t  q, which i s  equal t o  

(&y'2 for case (a) should be, more generally 

and in  f ac t  a compmison shows tha t  t h i s  r e su l t  agrees w i t h  those i n  

table  I t o  within 1 percent. 
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In  the  foregoing analysis expkssione for  the t o t a l  m e  b e e  and 

the effect ive heat capacity of the ehield have been obtained by ase~m~ing 
. ,  

that  (1) sublimation e t a r t s  ear ly  during reentry and (2) the accumuLstion 

of heat is  negligible cahrpared with the dlspasal of heat; both assunrptionll 

lead t o  conservative values f o r  the t o t a l  mass loss ,(that is, values tha t  
I 

'-< are too large). '\ 
A n  analysis of the heat-conduction problem within the shield ifi 

desirable in  order t o  Jus t i fy  these assumptions and also t o  estknate the 
/ 

am0tm-t of insulation required t o  keep the structure cool. 

Accumulation of Heat Witbin the Shield 

The effectiveness of an ablation sh ie ld  i n  reducing heat t ransfer  t o  

the vehicle s t ructure  i s  measured f i n a l l y  in terms of the mass required 

t o  keep the structure below a given temperature. 

the previous section t h a t - t h e  mas6 loss due to ablation is v i r tua l ly  

independent of surface temperature _when $e >> Ts. 

. 
It has been shown in 

The tnass requirementcl 

f o r  insulation however depend c r i t i c a l l y  on the ablation temperature and 

it is  t o  be expected t h a t  the use of low-temperature ablation materiala 

w i l l  reduce considerably the insulation problem wi th  r e l a t ive ly  l i t t l e  

* increase in  the t o t a l  mass loss. 

In  order t o  estimate t h i s  emount of insulation it is assumed tha t  

(it m y  be shown that, for T, monotonic increasing or  conetant 
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where A( t )  . lie8 In the  range 5 6 A C 

tione (29) and (21) may be solved for the  unlarowa quant i t ies  T, enb 
, I  

dm 
dt 

when - = 0 (before ablation) or  for  m an8 8 vhen T, P T, (dw- 

ablation) 

Preablation heatiqg. 0 Before appreciable ablation OCCUTB (when 

B lose  rate has negligible effect on the  heat-transfer ra te ) ,  equa- 

. (201, (el), and (36) give 

d kb(Ts - TaJ 1 .  qo = poq) &s - TOJf31. = 
0 

and elimination of 0 gives 

- -  When sublimation begins u = ua and Ts = Ta so t h a t  equation (38) 
1 

. written in  dimensionless form, becomes 

( S t r i c t l y  speaking, sublimation occurs a t  a l l  values of the surface , 

temperature and T, is related t o  &/at through the  phase re la t ion  

which describes the equilibrium of the so l id  material with i t s  vapor; i n  

practice, however, dm/dt is  negligible except when T, lies within a 

’ l imited range which includes the mean value T, used here&)  

Since - 1 it is seen fkom equation (39) t ha t  
VI1 

where 
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Equation (40) de teq lnea  whether sublimation w i l l  occur during reentry 

if 

I n  terms of 

i s  writ ten 

w i l l  not occur since equation (40) cannot be sa t i s f i ed  and 

value of Ts w i l l  remain below Ta throughout reentry. 
I ,  

u' and 2, the  condition t h a t  sublimation w i l l  not occur 

Wien X i s  written 

it i s  seen t h a t  sublimation cannot occur i f  

- 

(1) the parameter which determines the leve l  of the  

heating rate, i s  t oo  s m a l l  

(2) the thermal capacity &cb(T, - T,) i s  too large o r  
' 

( 3 )  the thermal d i f fus iv i ty  (&y2 i s  too large. 

The materials under consideration i n  t h i s  paper have low ablation 

temperature and low thermal conductivity; more specif ical ly  the materials 

' under serious consideration have properties with the  following order of 

magnitude: p~ - 0(102) lb/cu f t ,  cb O(1) Btu/lb %, 

kb - 0[10'5) Btu/f t ' sec  ?R, Ta - T, = 0(102,103) ?R; f o r  vehicles 

coneidered here > 10-l. Thus X < 1$ and sublimation w i l l  occur. 
c$R 
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It is of' i n t e r e s t  t o  determine what f rac t ion  of the  t o t a l  f l i gh t .  

i s  found 
. .  

time passes before sublimation takes place; the r a t i o  

as follows: 

ta/tf 

also 

so t ha t  

This r a t i o  is evaluated later. 

Total accumulation of heat.- An upper l i m i t  i s  found t o  the accmu- 

l a t ion  of heat during reentry by assuming t h a t  the surface of t he  shield . 
2s ra ised instantaneously t o  the temperature Ta at  t = 0. 

Equations (20)) (21), and (36) are f i r a t  combined t o  give 

the last term is neglected, and integration then gives the fallowing 

upper bound f o r  8 
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and When t = tf 

This uppel. l imit  i a  independent of -k and f o r  given materid 
CDAR 

properties depends only on the t o t a l  time of reentry. When Q iS 

expressed as a fract ion of Q there it3 obtained 
0,f 

where 

(48) 

and i s  evaluated by inserting the appropriate Z functions. * 

Application t o  par t icular  vehicles.- The various functions of 

Z which appear i n  the previous section are evaluated by using the 

6 

and 

I appropriate Z functions. 

as follows. For a l l  cases 

The re su l t s  may be summarized very concisely 

(a) ,  (b), and (c) ,  independent of L/D and 

'pi 

(1) Sublimation w i l l  not occur during reentry if 

x2 > 2 x 106 
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Qf - Heat accumulated by ablation shield satisfies ( 3 )  The r a t i o  - - 
Heat accumulated by heat sink Q0,f 

The assumptions, m a d e  i n  the analysis of sublimation, t ha t  sublima- 

t i on  begins soon after the  in i t i a t ion  of reentry (when 3 = 0.995) and 

t h a t  t he  accumdation of heat is small compared w i t h  the disposal of heat, 

are ju s t i f i ed  since 

5 < 0.05 and - ao < 0.15 
tf % f 

f o r  x < 102. 

Insulation requirements.- The method of the  preceding section gives 

' an estimate only of the amount of heat accumulated by the sol id  shield 

at  the completion of reentry. The temperature dis t r ibut ion through the 

. shield is a lso  of interest, however, and an approximate analysis is 

desirable, from which thi's dis t r ibut ion can be obtained. The nonlinear 

d i f f e ren t i a l  equations and boundary conditions fo r  heat conduction i n  an 

ablating sol id  are developed, a s  i n  reference 10, but the mass loss rate 
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dm/dt ig replaced by a constant mean d u e  m / t f ,  When t h h  18 dom ' 

the  equation becomes l inear  and has the solution a t  t = tf. 

where 

and 

' = (y)lP $2 

Ef = 0.qkII  

For engineering purposes equation (50) is  eas i ly  approximated by 

where 

' 

* '  given by eq. (50) agrees with tha t  given by eqs. (5l).) 

(6 is .  such that the expression f o r  t he  heat content of the shield as 

The amount of insulation required t o  reduce the  temperature from 
I 

T, t o  any value T C Ta is  then 



t , 

1 

~ 

i 
i 
i 

I 
I 

I 

I I 

. L  
(me knportance of the shield material parameters - %%I and ill e& 

'b 

dent Prom the foregoing expressions. It is seen ale0 t ha t  the amount 

of insulation varies as t, 1/2. 

. DISCUSSION 

In the  preceding analysis, the p r h a r y  objective has been t o  o b b h  

simple U s e f u l  expressions t o  describe the sublimation of matepid f'rom, 

and the accumulation of heat by a low-temperature, low conductivity 

shield .suitable f o r  manned reentry. 
t 

For the sake of simplicity several approximations have been made 

but they are of such a nature as t o  give conservative results, .since 

upper limits have been obtained fo r  the t o t a l  mass loss due t o  s u b l b -  

t i o n  and f o r  the t o t a l  heat accumulated during reentry. 
. I  

It has been shown t h a t  t h e  t o t a l  mass required for sublimation depend@ 

primarily on the parameters 

- - Heating enthalpy coefficient 
" G a s  shielding enthalpy coefficient - 

U L  
cP, 2 

. and 

= Maximum internal  shielding enthalpy 
Maximum external shielding enthalpy 

the foregoing def ini t ion of A givee the quasi-steady r e su l t  whereas 



. It is evident L conservative results are obtained when A = 
1 - U  uc2 5) 
2 gJ cp,2 

tha t  the correct interpretat ion of a - cP is  important i n  t h e  use of 
P,2. C 

these parameters; the quantity arises when the  convective shielding i n  

the boundary layer  is considered and is correctly interpreted as 

Enthalpy of gases convected in boundary layer 
Enthalpy differences across boundary layer cP, 2 

The t o t a l  mass loss during reentry can be wri t ten 

where cA-o depends only on the vehicle t ra jectory;  the  exact values - 

are given i n  table I although - is given approximately by 

1 Max. horiz. decn., g 4 2  

2 

or  

The quantity 

reduction i n  mass loss due t o  l a t en t  heat. 

7, primarily a function of A, represents the f rac t iona l  

The re la t ion  between t o t a l  mass 106s and maximum deceleration shows 

innnediately the weight penalty incurred as the pr ice  of l imit ing the 

maximum deceleration t o  a low value and it is  concluded that the  use of 

a low-temperature ablation material is not appropriate t o  vehicles which 

- 25 - 



'have high L/D r a t io s  (it i s  seen from table  I, f o r  example, t ha t  the  
- * -  

value of f o r  L/D = 1/2 is about twice tha t  fo r  L/D = 0). 

The effective heat capacity of the ablation material i s  wri t ten 

not vary appreciably with t raJec tory ,as  seen i n  figures 4 and 5. 

when 

Wen 

q = 0, (negligible l a t en t  heat) the effect ive heat capacity of 

the material i s  

where 

9.35 < (Eeff)l=o 5 1 

FI, 
C 5 i s  seen; when a 2 t Again t h e  importance of a f o r  example 5 

. cp,2 cP, 2 . 
t h e  effective heat capacity, disregarding ' l a ten t  heat, i s  between 

2,650 Btu/lb and 3,375 Btu/lb. When t h i s  range of effect ive heat capac- 

i t i es  is compared w i t h  t ha t  for  heat-sink m e t a l s  of the order of 
' 1,OOO Btu/lb the  reduction i n  shield weight is .quickly realized. More- 

over, since the foregoing comparison does not depend on the ablation 

temperature, the advantage is enhanced when low-temperature ablation 

materials are considered i n  View of t h e  attendant reduction i n  insula- 

t ion requirements . 
For an ablat ion,shield t o  perform successfully it must dispose of, 

ra ther  than accumulate, heat energy; the preablation heating period 
c - 26 - 



should therefore be wll uoplpared wi th  the t o t a l  reentry time and the 

heat accumulated should be a small fract ion of t h a t  which would be ~ccumu- 

l a ted  by a heat sink, Here, the  deciding PaS8meter i s  

It has been shown that ,  

6 sublimation w i l l  not occur i f  X2 > 2 x 10 , 

Preablation heating period lo-6X2 tha t ,  . 
Total heating period 

I and 
I. 

1 .  
I 

Heat accumulated by ablation shield 

Heat accumulated by heat-sink shield 
< 1.5 x low3, 

For the  l i f t i n g  vehicle ($ > say) t h e  amount of mass loss w i l l  be 

large i f  ablation is  allowed t o  take place over t h e  major par t  of the 

reentry. 

t h e  use of a high temperature ablation material at the leading edge seems 

more appropriate. In  such a design the ablation temperature should prob- 

Since such a vehicle would be cooled primarily by radiation, 

ably be near t o  the mean radiation temperature of the vehicle, and the 

parameter X should be near the c r i t i c a l  value 2 x 10 i f  ablation i s  

t o  take place only near peak heating. 

material during th i s  long preablation period may be of concern however. 

6 

"he behavior of the ablation 

When the heat conduction problem is  considered an upper ' l i m i t  t o  

the accumulation of heat is found as 

&f < (Pbcbkbtf) '/*(Ta - T,) Btu/sq ft 

I 
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a result which i e  independent of the vehicle character is t ics  and heating 

experience except as they af fec t  tf. 

Thus f o r  a given vehicle the  t o t a l  shield weight required fop sub- 

h a t i o n  and insulation varies approximately as the  square root of the 

reentry time, or inversely as the square root of the maximum deceleration. 

For b a l l i s t i c  reentry, therefore (-cpi > 5 O )  and manned caesule reentry 

(0 5. -% < 5O) the  ablation shield offers  an e f f i c i en t  way t o  dispose of 

heat continuously during reentry. For t h e  l i f t i n g  vehicle a high *em- 

perature material which would allow radiation from the  surface for the 

1 

greater par t  of reentry appears t o  be  more appropriate; ablation would 

then take place f o r  a limited time near the maximum heating condition 

or i n  case of an emergency maneuver. 

An approximate analysis has been made of ablation shield require- 

ments f o r  reentry vehicles; the type of shield considered was one of 

low ablation temperature and low thermal conductivity which pfoduced no 

l iqu id  f i lm during ablation. 

. It is  shown that 

1. The total .  mass required fo r  sublimation depends primarily on 

Heating enthalpy and parameters which depend on the r a t i o s  
Gas shielding enthalpy 

Shielding due t o  l a t en t  heat 
Gas layer shielding 

2. For a giveh vehicle and shield the t o t a l  mass lose varies  as the 

square root of the  t o t a l  time f o r  reentry o r  inversely as the  square 

root of the maximum deceleration. 
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3. The accumulation of heat is a emall percentage of t ha t  accumu- 

. .  laked by a heat-sink shield, the percentage being determined by B Bir@e 

parameter which combines the e f fec ts  of the heating leve l  experienced 

during reentry, the thermal capacity of the remaining shield and t h e  

d i f fus iv i ty  of the material. 

4. The mount of insulation material also varies tis the  square root 

of the time or  inversely as the square root of the maxim deceleration. 

From t h e  foregoing dependence of s u b l h t i o n  and insulation require- 

ments on deceleration and time of Peentry it is concluded tha t  the low 
I 

I temperature ablation shield should dispose' of heat very ef f ic ien t ly  f o r  . 
nonli f t ing vehicles, but t h e  l imited use of a high temperature ablation 

shield at the leading edges i s  more appropriate for l i f t i n g  vehicles, 

where the  primarymeans of cooling would be radiative.  

~ 

t 
I 

t 
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LIST OF SYMBOLS 

reference area f o r  drag and l i f t ,  sq f t  

drag coefficient 

specif ic  heat, B t d / l b  OR 

gravi ta t ional  acceleration, ft/sec2 

e f fec t ive  heat capacity, Btu/lb 

thermal conductivity, Btu/ft sec ?R 

r a t i o  of loca l  heat f lux  t o  tha t  a t  stagnation point, so - 
qSP,O 

average value of heat f lux  re la t ive  t o  stagnation point value, 

l a t e n t .  heat of sublimation, Btu/lb 

character is t ic  length of yehicle, ft 

L i f t  force 
Drag force 

rat io,  

mass ablated, lb/sq f t  

mass of vehicle, slugs 

Prandtl number 

Scfunidt number 

loca l  convective heat transfer rate per unit area, Btu/ft2sec , 

total. convective heat absorbed, Btu/sq f t  

dimensionless heat-transfer ra te  

dimensionless heat absorbed per uni t  area 

distance from center of e a r t h  t o  o rb i t  
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R 

R e  

S 

t '  

T 

U 

UC 

- 
U 

v m  

Y 

V 

W 

Z 

Y 

2 

a 

, E  

8 

0 

cr 

h 

P 

fl 

radius of curvature of nose 

Reynolds nunber, - 

surface area wetted by boundary layer, f t2  

P J t  

&a3 

time, sec 

temperature, OR 

circumferential velocity component, f t / sec  

c i rcu lar  o r b i t a l  velocity, (gr)1/2 = 26,000 f t / sec  

U r a t io ,  - 
UC 

T - T, 
Ta - T,' 

temperature r a t io ,  

a l t i tude ,  f t  

t o t a l  velocity, f t / sec  

weight of vehicle at earth's surface, lb  

dimensionless f'unction of G determined by equation (4) 

outward normal distance from . i n i t i a l  posit ion of ablation 

surface, f t  

outward normal distance from ablation surface, f t  

f rac t iona l  temperature rise of gaseous material 

dimensionless ablation rate 

atmospheric density decay paremeter, ft'l 

in tegra l  thickness of heated layer i n  so l id  shield, ft 

coefficient of dynamic viscosity, s lug/f t  sec 

l a t en t  heat parameter, equation (33) or  (34) 

density, slug/cu f t  

f rac t iona l  decrease i n  mass loss due t o  la ten t  

heat-dimensionless distance 
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, 

7 dimensionless time 
. .  

cp fliat path angle relative to local horizontal direction) 

negative for descent 

.x conduction parameter 

&ubscr ipt s : 

0 no sublimation 

m free stream, also conditions before reentry 

S surface condition 

stagnation point sP 
i initial condition * 

1 gas produced by sublimation 

2 air behind shock wave 

a . sublimation condition 
b solid shield condition 

e external to boundaq layer at stagnation point 

f final conditions 

Super script s : 

1 differentiation with respect to 3 

- .  dimensionless quantity 

ry mean value 

* mean value for exponential approximation to density-altitude 

relat ionship 
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